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Abstract: Recent nanomedical applications, particularly targeted drug delivery system (TDDS) 

scenarios, have made use of molecular communications via diffusion (MCvD) based on nanosystems. 

In order to improve the performance of such nanosystems, nanonetworks-based molecular 

communication is investigated. Employing a nanorelay approach and cooperative molecular 

communications, we provide a method for optimizing the performance of the nanosystem while 

taking blood flow effects into consideration in terms of drift velocity. Unlike the earlier studies, the 

position of the nanorelay and the allocated amount of molecular drugs will be optimized. We provide 

closed-form expressions for molecular channel capacity and the error probability of a molecular 

frame. According to the simulation results, it is possible to significantly reduce error probability of a 

molecular frame and thus increase channel capacity by optimizing the drift velocity, detection 

threshold and the location of the nanorelay within the proposed nanosystem. 
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1. Introduction 

In the wake of the COVID-19 crisis, the globe is searching for a new medical monitoring system. 

Researchers have developed a novel nanosystem that may be utilized for the diagnosis of infectious 

diseases with the use of cutting-edge nanotechnology and nanoscience [1–3]. Additionally, such a 

nanosystem can be utilized to transport therapeutic medications to the targeted diseased site. The 

nanosystem is composed of thousands of tiny devices, or nanomachines, including nanotransmitters, 

nanorelays and nanoreceivers that are designed to resemble biological cells, earning them the name 

“bionanomachines” [4]. Information can be transmitted using a variety of communication techniques, 

such as electromagnetic, wire, acoustic and thermal. However, none of those are appropriate for 

communications between bio-nanomachines. On the other hand, molecular communication systems 

are systems that are either employed by living cells or are inspired by biological cell communication 

(e.g., communication via diffusion, ion signaling, microtubule-molecular motors and pheromone 

signaling). Subsequently, bionanomachines can communicate with each other by utilizing molecular 

communication (MC) technology. The interchange of molecules is used by MC to transport 

information, making it the most promising strategy in the nanomedical applications [5]. 

Unfortunately, the bionanomachines can only perform simple tasks. A network of bionanomachines 

may perform complex tasks that a single bionanomachine cannot, and thus the concept of 

nanonetwork emerges. Bionanomachines that can recognize target sites or target signals and release 

medication molecules at certain locations have recently been developed using molecular 

communication to create smart targeted drug delivery systems (TDDS). The nanonetwork can be a 

portion of the human body. Furthermore, the nanosystem networks can be remotely controlled and 

monitored using the internet of bio nano things (IoBNTs) technology [6,7]. The IoBNT is a broad 

paradigm for remotely managing a biological network of nanosystems and thus interfacing the 

biological network with an external network such as the internet [8,9]. 

Recently, the IEEE P1906.1 nanonetworking standard for nanoscale and molecular 

communication evolved to define a nanonetwork as a human-designed communication system [10]. 

Molecular communication via diffusion (MCvD) has gained a lot of attention for its biocompatibility 

and energy efficiency. Molecular information in MCvD is encoded via a variety of methods, 

including molecular concentration, timing and type [11]. The study of MC systems considering 

characteristics of classical diffusion phenomena has received a lot of attention in the literature. 

Classical diffusion phenomena, however, are not nearly applicable in several contemporary cases. 

The distance between bionanomachines is an important factor to take into account when using 

diffusion for establishing reliable molecular communication. The relay concept was used by the 

researchers to improve the reliability of molecular communication and make it more practical for 

long-distance transmissions. Therefore, it is necessary to take into account how the medium’s drift 

velocity affects the reliability of molecular communication. In the present investigation, we introduce 

the medium's drift velocity, where the signalling molecules are subjected to advection in addition to 

their random walk. In terms of modulation schemes [12], an isomer-based ratio shift keying (IRSK) 

system was proposed by the authors in [13]. The transmitter in the system releases the information 

based on the ratios of different types of messenger molecules to achieve binary or quaternary 

communication. A concentration shift keying (CSK) is the most easy and popular type of modulation, 

which is analogous to amplitude shift keying (ASK) in digital modulation. The information is 

represented by varying the concentration level of molecules, which means a fixed number of 
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molecules are released with the information bit represented by “1” and nothing is released for 

information bit “0”, which uses a single type of information molecules. If a frame represents one-bit 

of information, this technique is called binary CSK (BCSK), and if a frame represents two-bits of 

information it is called quadrature CSK (QCSK). In [14], a molecule shift keying (MoSK) scheme is 

represented where two different types of molecules with the same number are regarded as separate 

signals. Signal detection schemes can be classified as energy-based signal detection and sampling-

based signal detection. In energy-based signal detection techniques, the receiver gathers the number 

of molecules absorbed over a time period and then compares the estimated number to a 

predetermined threshold of molecules. On the other hand, in the sampling-based signal detection 

scheme the receiver senses the concentration of information molecules and counts the number of 

available molecules at either one or more time instants [15]. 

The rest of the paper is structured as follows: Section 2 explains the related work and the 

motivation. Section 3 presents the nanonetwork-based molecular communications and its layered 

architecture. Section 4 describes the proposed nanosystem based on MCvD and the proposed 

nanorelay approach based on flow velocity of the medium. Section 5 presents the performance 

analysis of the proposed approach in terms of probability of error and the molecular channel capacity. 

Section 6 presents the optimization procedure. The numerical and simulation results are presented in 

Section 7. Finally, Section 8 concludes this work. 

2. Related works and motivations 

As nanorelay will be crucial in MCvD-based nanonetworks, numerous research efforts on flow-

based diffusive molecular communication, relay molecular communication and optimization criteria 

have been published in the literature. In [16], a molecular reaction process involving two distinct 

molecule types from the two transmitters (i.e., transmitter and relay nodes) is employed as an XOR 

logic operation to vanish or strengthen the transmitted signal on the physical layer network coding 

level, which decreases the complexity of the relay node. Relaying was implemented in [17] at 

microfluidic channels, allowing communication between a large number of lab-on-a-chip 

components with the goal of sharing information. Geometric modification was employed to enhance 

performance. The authors of [18] introduced a multi-hop relay method based on attractants nodes 

that control the direction of the sent signal across the relay network based on a larger concentration 

due to use of the relative relevance of the attractants to achieve higher performance. The authors 

made a significant effort to mimic molecular communication using wireless systems, and they used 

an adaptive relay selection methodology to reduce transmission times [19]. This methodology used 

buffered data traffic from active users with the link capacity and categorised the available active 

relays. Additionally, exploiting the phenomena of fluorescence resonance energy transfer (FRET), 

the authors of [20] have proposed an embedded nanorelay to replicate the relay transport protein 

(RTP) that synthesizes the plasma membrane in living cells. The authors of [21] investigated the 

effects of velocity under various mobility conditions in the blood stream using a flow-induced 

diffusive channel model. The on-off keying modulation (OOK) for MC system performance was 

assessed in terms of bit error rate (BER). The likelihood ratio has been used to develop a decision 

rule and an adaptive decision threshold. A nanorelay between the source and destination nodes has 

been proposed in [22]. However, some drawbacks may be generated when using the relay node such 

as more nodes implanted in human body, more complicated networks and delayed transmission. It 
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gathers the molecules that have been released from the transmitter, temporarily stores them and then 

releases them to the receiver. As a result, the signal strength is increased and the delayed and non-

delayed received molecules arrive at the same time. In contrast to earlier literature, the current work 

presents how well the cooperative relay system under drift flow velocity performs in terms of the 

placement of the decoding nanorelay and the amount of molecular drugs that are allocated based on 

optimization criterion for the rate transmission of these drug molecules. Additionally, it offers closed-

form formulas for the probability of bit error and molecular channel capacity. Moreover, unlike [23–25] 

and [26], which concern the optimization criterion, the novelty of the current study is to introduce a 

novel multi-parameter optimization criterion, namely the modified central force optimization (MCFO) 

algorithm, based on molecular signal processing. The drift velocity is the more crucial parameter that 

we optimize in addition to the preceding parameters in the previous literature. To deliver 

predetermined therapeutic drug molecules with carefully calculated drift velocity (optimized drift 

velocity) to the targeted cell, a cooperative nanorelay node based on flow velocity is created. 

Therefore, the main contributions of this work are as follows to achieve our motivation: 

1. Proposing a cooperative molecular communication system based on nanorelay approach, 

2. Introducing a more realistic molecular medium taking into account flow drift velocity, 

3. Evaluating the probability of error and molecular channel capacity and 

4. Providing an optimization procedure to optimize the nanosystem parameters. 

3. Nanonetwork-based molecular communications 

The proposed cooperative nanonetwork-based molecular communications architecture consists 

of four layers as illustrated in Figure 1. These layers are described as follows: 

1. Physical layer (PHY): This layer describes how the communication medium is physically 

constructed, including the molecular signaling techniques used. Molecules are employed in this layer 

to carry data and relay information between nodes. 

2. Molecular data link layer (MLL): This layer manages the synchronization and error-control 

procedures as well as the transmission and receiving of data between adjacent nodes. It enables 

dependable data packet delivery between the sender and receiver nodes. 

3. Molecular network layer (MNL): This layer decides how data packets are routed between 

sources and destinations, as well as how congestion management systems and other pertinent 

transport protocols work. 

4. Molecular application layer: This layer establishes the higher-level controls that support the 

many applications that are built on top of the network layer. It consists of ways to access transmitted 

data and an interface that lets users communicate with the network using protocols. 

There are certain acceptable assumptions that can be made about the nanonetwork, or nano scale 

dimension, such as the assumption that all nanomachines are uniform, located nearby and at close 

range to the cancerous location. However, the architecture levels in the proposed molecular 

communications system based on cooperative nanonetworks are comparable to those in a traditional 

computer network. 
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Figure 1. Molecular architecture layers of the proposed cooperative nanonetwork. 

This stack architecture layer allows for the investigation of issues such as transmission medium, 

routing and mobility-aware protocols and transmission control protocol/internet protocol (TCP/IP), 

synchronization and security. However, the current study is focused on the transmission medium, i.e., 

physical layer, wherein the molecular communication environment consists of nanomachines as 

carrier information in an aqueous medium, e.g., a blood vessel, inside the human body, and it 

provides an energy source to such nanomachines from adenosine triphosphate (ATP) [27]. 

Furthermore, inter-symbol interference (ISI), which results from releasing various numbers of 

molecules to represent various molecular frames, and an undesirable random disturbance of signal 

molecules in a molecular communication channel can both contribute to noise. Therefore, the main 

objective of this work is to concentrate on the transmission and reception processes in the molecular 

communication system employing stochastic diffusion in the environment and fluid flow drift 

velocity in (for example, a blood vessel). The performance of molecular communications based on 

nanonetworks is then evaluated by determining the molecular channel capacity and calculating the 

probability of error for delivering molecular frames. 

4. Nanosystem-based MCvD 

As illustrated in Figure 2, the suggested nanosystem model consists of a transmitter 

nanomachine, a decoding relay nanomachine and a receiver nanomachine, which are denoted by A, B 

and C nodes, respectively. The terms {transmitter, receiver and relay} nanomachine and 

nanotransmitter, nanoreceiver and nanorelay node are used interchangeably. To keep things as simple 

as possible, we suppose that B and C are spheres and A is a point source while B node “nanorelay” is 

a nanotransceiver because it either transmits or receives molecules, when acting as a destination. The 

lengths of AB, AC, and BC links are represented as dAB, dAC, and dBC, respectively. For a more 

realistic model, we examined the angles between the three nodes, which yields more improvement in 

system performance, as shown in Figure 2. Moreover, node B is assumed to emit a different type of 

molecule (type B) than node A (type A) in order to prevent self-interference, which decreases the 

efficacy of the proposed nanosystem. The operation of transmission and reception of therapeutic drug 

molecules in the proposed nanosystem model can be summarized as follows: 

• Nanotransmitter A releases the molecular frames “therapeutic drug molecules” as molecules 

of type A to both B and C nanomachine nodes via the diffusive drift channel, at the beginning of nth 

molecular frame. 
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• The molecular frames are received and decoded by nanorelay node B, then forwarded to the 

nanoreceiver C, at the (n+1) th molecular frame via molecules of type B. 

• The performance of the proposed nano model is improved by using diversity technique on 

the two different combined signals at C node. The two signals come from ABC and the AC paths. 

The cooperative molecular communication system is depicted with the nanorelay node 

represented as a triangle, and its lengths denote the distance between each node relative to the others 

by the following angles: 

sin αi

dBC
=

sin βi

dAB
=

sin γi

dAC
         (4.1) 

Assume 

dAB

dAC
=

sin βi

sin γi
=m 

and 

dBC

dAC
=

sin αi

sin γi
 

Hence, 𝑑𝐴𝐵 = 𝑚. 𝑑𝐴𝐶, where 

sin γi =
sin 𝛽𝑖

𝑚
          (4.2) 

Therefore, 

dBC= m. dAC  
sin αi

sin βi
        (4.3) 

by assuming that 𝑑𝐴𝐶 is the largest side in the triangle, i.e., 𝛾𝑖 = 𝜋/2. 
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Figure 2. Cooperative molecular communication nanorelaying scheme model based on drift velocity. 

The proposed nanosystem-based nanonetwork is inserted into the human body; as a result, the 

diffusion of the therapeutic drug molecule in blood flow is based on positive drift velocity. Fick’s 
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second law states that after the drifting distance, d, and following the probability density function 

(PDF), f (t) of any therapeutic drug molecules of type A released by the nanotransmitter A node will 

take the amount of time, t to reach the B or C nodes [29]: 

𝑓(𝑡) =
𝑑

(4𝜋𝐷𝐴𝑡)3/2 𝑒(−(𝑣𝑡−𝑑)2/4𝐷𝐴𝑡)      (4.4) 

where d (i.e., 𝑑𝐴𝐵, 𝑑𝐴𝐶 , and 𝑑𝐵𝐶) is distance depending on the analysis of the link, 𝐷𝐴 is the 

diffusion coefficient of type A molecules and v is the drift velocity. The following formula can be 

used to determine the likelihood that a type A molecule will hit the nanoreceiver within time t: 

𝐹𝐶𝐷𝐹(𝑡) =
1

2
 [1 + erf [√

𝑑

4𝐷𝐴𝑡
(

𝑣𝑡

𝑑
− 1)]] +

1

2
exp (

𝑣𝑑

𝐷𝐴
) [1 + erf [−√

𝑑

4𝐷𝐴𝑡
(

𝑣𝑡

𝑑
+ 1)]]  (4.5) 

where erf(.) is the error function. The drift velocity, diffusion coefficient, time and distance all affect 

thecumulative distribution function (CDF) in Eq (4.5). The block diagram of the molecular 

communication via diffusion (MCvD) is depicted in Figure 3. Analogous to a conventional wireless 

communication system, the transmission process operates on a frame-by-frame basis [28]. The length 

of the frame is specified by Ts. To convey the information bit “1” at the start of each Ts, OOK 

modulation scheme is used by node A and B, which is applied in discrete network conditions. 

Additionally, the diffusion model of a molecule is mathematically represented as a channel 

impulse response (CIR) in the proposed nanosystem based on MCvD. The PDF that the released 

molecule A exists at position d at time t is then shown in Figure 4. The amount of molecules that 

reach the nanoreceiver when blood flow velocity is taken into account is obviously more than when 

flow velocity is not taken into account. In the next subsections, we provide the proposed cooperative 

molecular communication relaying method based on drift velocity as well as the performance 

analysis in terms of BER and molecular channel capacity. 
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Figure 3. Block diagram of end-to-end MCvD model. 
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Figure 4. Illustration example of received molecules in the molecular channel-based diffusion. 

5. Performance analysis 

In this section, we present the performance analysis of the proposed approach in terms of the 

probability of the molecular channel capacity and the error probability of a molecular frame. 

5.1. The error probability of a molecular frame, Pe 

According to the end-to-end MCvD system model described in Figure 3, in order to compute 

the error probability of a molecular frame for the entire cooperative molecular communication with 

nanorelay, we consider a linear combination of the two received signals from the two links, ABC link 

and AC link, as illustrated in Figure 2. We exploit the diversity combining principle in a wireless 

communication system, which combines received signals from earlier links linearly at the 

nanoreceiver C node. As a result of the flow drift velocity, these two signals are detected in distinct 

molecular frames n and n+1. Because each signal employs a different type of chemical, the 

nanoreceiver C can distinguish between them. 

For the ABC transmission path: Let the total amount of A molecules absorbed at nanorelay B 

be 𝑦𝐴𝐵
𝐴 (n) , the number of molecules sent and received at the present frame  𝑇𝑠 , is denoted by 

𝑁𝑁𝑐,𝐴𝐵
𝐴 (n), the ISI term is denoted by NP,AB

A (n), 𝑁𝑁𝑜,𝐴𝐵
𝐴 (𝑛) is the number of molecules acting as noise 

from other sources and the counting noise, denoted by the number of molecules absorbed by the 

nanorelay B node, is 𝑁𝑁𝑐,𝐴𝐵
𝐴 (𝑛). As a result, the equation of 𝑦𝐴𝐵

𝐴 (𝑛) can be written as follows: 

𝑦𝐴𝐵
𝐴 [𝑛] = 𝑁𝐶,𝐴𝐵

𝐴 [𝑛] + 𝑁𝑃,𝐴𝐵
𝐴 [𝑛] + 𝑁𝑁𝑜,𝐴𝐵

𝐴 [𝑛] + 𝑁𝑁𝑐,𝐴𝐵
𝐴 [𝑛]    (5.1) 

where, 𝑁𝑁𝑐,𝐴𝐵
𝐴 [𝑛], 𝑁𝑁𝑜,𝐴𝐵

𝐴 [𝑛] and 𝑁𝑃,𝐴𝐵
𝐴 [𝑛] have a binomial distribution. As a result, it is possible to 

estimate that the B node absorbed the following number of molecules: 

𝑦𝐴𝐵
𝐴 [𝑛] ∼ 𝑁(𝑄𝐴𝑥𝑠[𝑛]𝑃1𝐴𝐵

𝐴 , 𝑄𝐴𝑥𝑠[𝑛]𝑃1𝐴𝐵
𝐴 (1 − 𝑃1𝐴𝐵

𝐴 )) + ∑ (𝑄𝐴𝑥𝑠
𝐼
𝑖=1 [𝑛 − 𝑖]𝑞𝑖𝐴𝐵

𝐴 , 𝑄𝐴𝑥𝑠[𝑛 −

𝑖]𝑞𝑖𝐴𝐵
𝐴 (1 − 𝑞𝑖𝐴𝐵

𝐴 )) + 𝛮(𝜇𝑛𝑜,𝐴𝐵, 𝜎𝑛𝑜,𝐴𝐵
2 ) + 𝛮(0, 𝜎𝑛𝑐,𝐴𝐵

2 )     (5.2) 

where, I is the length of ISI, 𝑥𝑠[𝑛 − 𝑖] signifies the transmitted bit by A node at (𝑛 − 𝑖) th 

molecular frame interval and 𝑃(𝑖)𝐴𝐵
𝐴 = 𝐹(𝑣, 𝐷𝐴, 𝑑𝐴𝐵, 𝑖𝑡𝑠), which is likewise subject to the normal 
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distribution 𝜎𝑛𝑐,𝐴𝐵
2  is proportional to the number of molecules gathered by the nanorelay B node, 

𝑞𝑖𝐴𝐵
𝐴  = {𝑃(𝑖+1)𝐴𝐵

𝐴 − 𝑃(𝑖)𝐴𝐵
𝐴 } and the fraction of molecules released by the transmitter at node A is 

denoted by 𝑄𝐴. 

As a result, in order to determine the error probability of a molecular frame that has gathered at 

nanorelay node B, 𝑦𝐴𝐵
𝐴 (𝑛) equally follows the Gaussian distribution, which is denoted by [25]: 

𝑃𝑟{𝑦𝐴𝐵
𝐴 [𝑛]|𝑥𝑠[𝑛] = 0} ∼ 𝑁(𝜇0,𝐴𝐵, 𝜎0,𝐴𝐵

2 ) and 𝑃𝑟{𝑦𝐴𝐵
𝐴 (𝑛)|𝑥𝑠[𝑛] = 1} ∼ 𝑁(𝜇1,𝐴𝐵, 𝜎1,𝐴𝐵

2 )  (5.3) 

The mean and variance in Eq (5.3) is provided in Appendix A. Subsequently, the received molecular 

frame can be detected by nanorelay B node using the likelihood detection method [30]: 

𝑥̂𝑟[𝑛] = {
1, 𝑖𝑓 𝑦𝐴𝐵

𝐴 [𝑛] ≥ 𝜏𝑅

0, 𝑖𝑓 𝑦𝐴𝐵
𝐴 [𝑛] < 𝜏𝑅

       (5.4) 

The bit information detected by the nanorelay node B in the nth frame interval is denoted by 

𝑥̂𝑟[𝑛] and the detection threshold at the B node at the nanorelay is denoted by 𝜏𝑅. The likelihood-

ratio test 
𝜋1 

𝜋0
=

𝑃𝑟{𝑦𝐴𝐵
𝐴 [𝑛]| 𝑥𝑠[𝑛]=0}

𝑃𝑟{𝑦𝐴𝐵
𝐴 [𝑛]| 𝑥𝑠[𝑛]=1}

 can be used to determine 𝜏𝑅. 

For the BC transmission path: By repeating the equations of the absorbed molecules for type 

A by nanorelay, which are given in Eqs (4.3–4.5) and (5.1–5.3), we can similarly derive the 

equations for (type B) molecules absorbed by the C nanoreceiver at [𝑛 + 1]th frame, which is 

represented by 𝑦𝐵𝐶
𝐵 [𝑛 + 1]. As a consequence, the distribution of 𝑦𝐵𝐶

𝐵 [𝑛 + 1] is obtained as follows: 

𝑃𝑟(𝑦𝐵𝐶
𝐵 [𝑛 + 1]|𝑥𝑟[𝑛 + 1] = 0) ∼ 𝑁(𝜇0,𝐵𝐶 , 𝜎0,𝐵𝐶

2 ) and 𝑃𝑟(𝑦𝐵𝐶
𝐵 [𝑛 + 1]|𝑥𝑟[𝑛 + 1] = 1) ∼ 𝑁(𝜇1,𝐵𝐶 , 𝜎1,𝐵𝐶

2 ) (5.5) 

where, the mean and variance values are provided in Appendix A by applying all parameter 

abbreviations of BC path where 𝑃𝑟(𝑥𝑟[𝑛 + 1] = 1) can be represented as [25,28]: 

𝑃𝑟(𝑥𝑟[𝑛 + 1] = 1) = 𝜋1𝑃𝑟(x̂r(𝑛 + 1) = 1|𝑥𝑠[𝑛] = 1) + 𝜋0𝑃𝑟(𝑥̂𝑟[𝑛 + 1] = 1|𝑥𝑠[𝑛] = 0) =

1

4
[(1 − erf (

𝜏𝑅−𝜇1,𝐴𝐵

√2𝜎1,𝐴𝐵
2

)) + (1 − erf (
𝜏𝑅−𝜇0,𝐴𝐵

√2𝜎0,𝐴𝐵
2

))]    (5.6) 

For the AC transmission path: Again, the transmission through path AC is similar to the 

transmission of drug molecules in AB path but with its affected parameters. Subsequently, the 

number of type A molecules collected by nano receiver C node along AC path in the kth frame 

interval is defined by 𝑦𝐴𝐶
𝐴 (𝑛) like the AB path. The distribution of 𝑦𝐴𝐶

𝐴 (𝑛) also obeys the Gaussian 

distribution as follows: 

𝑃𝑟(𝑦𝐴𝐶
𝐴 [𝑛]|𝑥𝑠[𝑛] = 0) ∼ 𝑁(𝜇0,𝐴𝐶 , 𝜎0,𝐴𝐶

2 ) and 𝑃𝑟(𝑦𝐴𝐶
𝐴 [𝑛]|𝑥𝑠[𝑛] = 1) ∼ 𝑁(𝜇1,𝐴𝐶 , 𝜎1,𝐴𝐶

2 )  (5.7) 

5.2. Energy detection-based diversity technique 

As a method of combining diversity in wireless communications, energy detection is used in the 
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detection process. The effectiveness of detection at the C nanoreceiver can be improved by applying 

the diversity combining equal gain combining technique in the proposed MC cooperative networks 

based on drift velocity. The linear combination technique collects the energy signals that are received 

from the AC and BC paths with different molecule types A and B in different frames. Therefore, we 

can detect the signal by the following decision rule: 

𝑥̂𝑑(𝑛 + 1) = {
1, 𝑖𝑓 𝑞𝐷 𝑦𝐴𝐶

𝐴 [𝑛] + 𝑞𝑅 𝑦𝐵𝐶
𝐵 [𝑛 + 1] ≥ 𝜏𝐷

0, 𝑖𝑓 𝑞𝐷 𝑦𝐴𝐶
𝐴 [𝑛] + 𝑞𝑅 𝑦𝐵𝐶

𝐵 [𝑛 + 1] < 𝜏𝐷

     (5.8) 

where 𝑥̂𝑑[𝑛 + 1] is the bit detected at C nanoreceiver node in the (n+1)th frame, and 𝑞𝐷 and 𝑞𝑅 

are the weights of the AC and BC paths, respectively. 

The received signals from two paths as cooperative values with equal gain combining in 

different frames, 𝑦𝐵𝐶
𝐵 [𝑛 + 1] and 𝑦𝐴𝐶

𝐴 [𝑛], are gaussian random variables given by Eqs (5.5) and (5.7), 

𝑦𝐶𝑂
𝐴𝐵[𝑛 + 1], 𝑦𝐴𝐶

𝐴 [𝑛] + 𝑦𝐵𝐶
𝐵 [𝑛 + 1] is also a gaussian random variable as follows [25]: 

𝑃𝑟(𝑦𝐶𝑂
𝐴𝐵[𝑛 + 1]|𝑥𝑠[𝑛] = 0, 𝑥𝑟[𝑛 + 1] = 0) ∼ 𝑁(𝜇00,𝐶𝑂, 𝜎00,𝐶𝑂

2 ) and 𝑃𝑟(𝑦𝐶𝑂
𝐴𝐵[𝑛 + 1]|𝑥𝑠[𝑛] =

0, 𝑥𝑟[𝑛 + 1] = 1) ∼ 𝑁(𝜇01,𝐶𝑂, 𝜎01,𝐶𝑂
2 )      (5.9) 

𝑃𝑟(𝑦𝐶𝑂
𝐴𝐵[𝑛 + 1]|𝑥𝑠[𝑛] = 1, 𝑥𝑟[𝑛 + 1] = 0) ∼ 𝑁(𝜇10,𝐶𝑂, 𝜎10,𝐶𝑂

2 ) and 𝑃𝑟(𝑦𝐶𝑂
𝐴𝐵[𝑛 + 1]|𝑥𝑠[𝑛] =

1, 𝑥𝑟[𝑛 + 1] = 1) ∼ 𝑁(𝜇11,𝐶𝑂, 𝜎11,𝐶𝑂
2 )      (5.10) 

where the mean values can be obtained as follows: 

𝜇𝑙𝑗,𝐶𝑂 = 𝜇𝑙,𝐴𝐶 + 𝜇𝑗,𝐵𝐶 , ∀𝑙, 𝑗 ∈ {0,1}      (5.11) 

𝜎𝑙𝑗,𝐶𝑂
2 = 𝜎𝑙,𝐴𝐶

2 + 𝜎𝑗,𝐵𝐶
2 , ∀𝑙, 𝑗 ∈ {0,1}       (5.12) 

Finally, the overall error probability of a molecular frame for all paths in the proposed nanosystem 

can be given by: 

𝑃𝑒[𝑛] = 𝜋1𝑃𝑟(𝑥̂𝑑[𝑛 + 1] = 0|𝑥𝑠[𝑛] = 1) + 𝜋0𝑃𝑟(𝑥̂𝑑[𝑛 + 1] = 1|𝑥𝑠[𝑛] = 0) = 

1

2
+

1

8
[(erf (

𝜏𝐷−𝜇10,𝐶𝑂

√2𝜎10,𝐶𝑂
2

)) (1 + erf (
𝜏𝑅−𝜇1,𝐴𝐵

√2𝜎1,𝐴𝐵
2

))] +
1

8
[(erf (

𝜏𝐷−𝜇11,𝐶𝑂

√2𝜎11,𝐶𝑂
2

)) (1 − erf (
𝜏𝑅−𝜇1,𝐴𝐵

√2𝜎1,𝐴𝐵
2

))] −

1

8
[(erf (

𝜏𝐷−𝜇00,𝐶𝑂

√2𝜎00,𝐶𝑂
2

)) (1 + erf (
𝜏𝑅−𝜇0,𝐴𝐵

√2𝜎0,𝐴𝐵
2

))] −
1

8
[(erf (

𝜏𝐷−𝜇01,𝐶𝑂

√2𝜎01,𝐶𝑂
2

)) (1 − erf (
𝜏𝑅−𝜇0,𝐴𝐵

√2𝜎0,𝐴𝐵
2

))] (5.13) 
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5.3. Molecular channel capacity 

We formulate the molecular channel capacity of the proposed approach to compute the amount 

of molecular budget per frame. We will adopt the same strategy as [7]. According to the proposed 

approach depicted in Figure 2, we compute the total channel capacity by determining the capacity of 

each path. In fact, the mutual information between each path is randomly determined by the binary 

entropy if the transmitted bit is X and the received bit is Y as follows: 

𝐼(𝑋; 𝑌) = 𝐻(𝑌) − 𝐻(𝑌|𝑋)       (5.14) 

where H(Y) is considered as the amount of minimum information that should be received at the 

nanoreceiver or nanorelay and H(Y|X) represents the actual amount of information received by 

nanoreceiver or nanorelay. The two amounts can be expressed as follows: 

𝐻(𝑌) = − ∑ 𝑃𝑦(𝑖)1
𝑖=0 × log2𝑃𝑦(𝑖)       (5.15) 

𝐻(𝑌|𝑋) = − ∑ ∑ 𝑃(𝑥 = 𝑖, 𝑦 = 𝑗) × log2𝑃(1
𝑖=0

1
𝑗=0 𝑦 = 𝑗|𝑥 = 𝑖)    (5.16) 

Hence, we can compute the total capacity of the merged paths as: 

𝐼(𝑋; 𝑌) = 𝐼𝐴𝐶(𝑋; 𝑌) + 𝐼𝐴𝐵𝐶(𝑋; 𝑌)        (5.17) 

In fact, the conditional probabilities in each path are based on the probability of a false alarm 

(receiving 1 when 0 was transmitted) and the probability of a miss detection (receiving 0 while 1 was 

transmitted). Subsequently, the conditional probabilities for ABC path are calculated as follows: 

𝑃𝐴𝐵𝐶 (0|0)= 𝜋0[𝑃𝐹𝐴𝐵
𝑃𝑀𝐵𝐶

+ (1 − 𝑃𝐹𝐴𝐵
)(1 − 𝑃𝐹𝐵𝐶

)]      (5.18) 

𝑃𝐴𝐵𝐶 (1|0)= 𝜋0[𝑃𝐹𝐴𝐵
(1 − 𝑃𝑀𝐵𝐶

) + (1 − 𝑃𝐹𝐴𝐵
) 𝑃𝐹𝐵𝐶

)     (5.19) 

𝑃𝐴𝐵𝐶 (0|1)= 𝜋1[(1 − 𝑃𝑀𝐴𝐵
)𝑃𝑀𝐵𝐶

+ 𝑃𝑀𝐴𝐵
(1 − 𝑃𝐹𝐵𝐶

)]     (5.20) 

𝑃𝐴𝐵𝐶 (1|1)= 𝜋1[(1 − 𝑃𝑀𝐴𝐵
)(1 − 𝑃𝑀𝐵𝐶

) + 𝑃𝐹𝐵𝐶
𝑃𝑀𝐴𝐵

]     (5.21) 

where 𝑃𝐹𝐴𝐵
 is the probability of false alarm between A, B nodes, 𝑃𝐹𝐵𝐶

 is the probability of false 

alarm between B, C nodes, 𝑃𝑀𝐴𝐵
 is the probability of miss detection between A, B nodes and 𝑃𝑀𝐵𝐶

 is 

the probability of miss detection between B, C nodes for ABC path. 

The conditional probabilities for AC path are calculated as follows: 

𝑃𝐴𝐶  (0|0) = 𝜋0(1−𝑃𝐹𝐴𝐶
)        (5.22) 

𝑃𝐴𝐶  (1|0) = 𝜋0(𝑃𝐹𝐴𝐶
)        (5.23) 



1668 

Networks and Heterogeneous Media  Volume 18, Issue 4, 1657–1677. 

𝑃𝐴𝐶 (0|1) = 𝜋1(𝑃𝑀𝐴𝐶
)         (5.24) 

𝑃𝐴𝐶 (1|1) = 𝜋1 (1−𝑃𝑀𝐴𝐶
)        (5.25) 

where 𝑃𝐹𝐴𝐶
 is considered as the probability of false alarm between A, C nodes and 𝑃𝑀𝐴𝐶

 is the 

probability of miss detection between A, C nodes for AC path. 

Also, the probabilities of receiving 0 and 1 for ABC path are calculated as follows: 

𝑃𝑦_𝐴𝐵𝐶(0) = 𝜋0[(1 − 𝑃𝐹𝐴𝐵
)(1 − 𝑃𝐹𝐵𝐶

) + 𝑃𝐹𝐴𝐵
𝑃𝑀𝐵𝐶

] + 𝜋1[𝑃𝑀𝐴𝐵
(1 − 𝑃𝐹𝐵𝐶

) + (1 − 𝑃𝑀𝐴𝐵
)𝑃𝑀𝐵𝐶

 (5.26) 

𝑃𝑦_𝐴𝐵𝐶(1) = 𝜋0[(1 − 𝑃𝐹𝐴𝐵
)𝑃𝐹𝐵𝐶

+ 𝑃𝐹𝐴𝐵
(1 − 𝑃𝑀𝐵𝐶

) + 𝜋1(1 − 𝑃𝑀𝐴𝐵
)(1 − 𝑃𝑀𝐵𝐶

) + 𝑃𝑀𝐴𝐵
𝑝𝐹𝐵𝐶

]  (5.27) 

The probabilities of receiving 0 and 1 for AC path are calculated as follows: 

𝑃𝑦_𝐴𝐶(0) = 𝜋0(1 − 𝑃𝐹𝐴𝐶
) + 𝜋1(𝑃𝑀𝐴𝐶

)      (5.28) 

𝑃𝑦_𝐴𝐶(1) = 𝜋0 (𝑃𝐹𝐴𝐶
) + 𝜋1(1−𝑃𝑀𝐴𝐶

)      (5.29) 

Thereafter, the molecular channel capacity can be expressed as: 

𝐶 = Max 𝐼(𝑋; 𝑌) 𝑏𝑖𝑡𝑠/𝑠𝑒𝑐       (5.30) 

6. Optimization procedure 

Equation (5.13) computes the overall error probability of a molecular frame in the proposed 

cooperative relaying nanonetwork. Obviously, it indicates that the error probability of a molecular 

frame is mainly based on two parameters: flow drift velocity and the detection threshold. As a 

consequence, these parameters are strongly affected by the performance of the proposed nanosystem. 

Therefore, we apply an optimization procedure to solve this issue in order to achieve the best system 

performance; we require effective and trustworthy computational techniques to address optimization 

problems. The optimal solution for the most critical parameters such as drift velocity (v) and 

detection threshold (𝜏𝐷) at the destination node can be optimized to achieve the minimum probability 

of error, Pe as follows: 

min
𝑣,𝜏𝐷

𝑃𝑒          (6.1) 

Then we optimize the nanorelay position and resources allocated to the nanotransmitter and 

nanorelay with fixed optimal v and 𝜏𝐷 by: 

min
𝑚,𝑛

𝑃𝑒          (6.2) 

where m = 𝑑𝐴𝐵/𝑑𝐴𝑐 and 𝑛Q = QA/(QA + QB). 

In other words, to reduce the Pe in the proposed approach, we must compute the ideal drift 

velocity v and D. We minimize our objective function Pe by using MCFO as a productive 
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optimization procedure. In fact, the particle swarm optimization (PSO), which is based on swarm 

movement, and MCFO, which is subject to the law of gravity, are the two well-known global 

optimization algorithms that have just recently been introduced in [30] and [31]. The PSO has few 

parameters and is simple to use. On the other hand, despite its complexity, the MCFO performs well 

when optimizing many parameters compared with block coordinate descent algorithm (BCDA) [32,33]. 

The goal of this improvement or modification algorithm (MCFO) is to promote the probes’ 

convergence to the global optimum at the end of the search and to improve the global search during 

the early stages of the optimization by time varying acceleration coefficients. Figure 5 depicts the 

procedure steps of the MCFO algorithm. The algorithm starts with the use of a succession of probes 

in three-dimensional space. Each probe has two main category position vectors which represent a 

solution to the optimization problem (the optimal values for decision variables) and acceleration 

distributions. With aid from a gravitational constant, MCFO exponents and a repositioning factor that 

has a significant influence on the algorithm’s convergence, the probes are drawn to the best positions. 

 

Figure 5. Procedure steps of the MCFO procedure. 
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7. Numerical results 

In this section, we present the numerical results obtained by using the developed cooperative 

nanorelay approach based on MCvD, which is validated by the MCFO optimization procedure under 

various settings such as flow drift velocity and sample frame time. In fact, we used the presented 

numerical analysis to evaluate the performance of the proposed approach in terms of the probability 

of molecular frame error rate (FER) and molecular channel capacity. We also compared the results to 

the direct link relay (DLR) system [26], which indicates that nanorelay B is linearly intermediate 

between nanotransmitter A and nanoreceiver C, i.e., no cooperative mechanism is applied. Through 

the use of MATLAB, we conducted the program simulation. The simulation parameters are used in 

the simulation campaign are set as follows: dAC changes from 1 to 2 µm, DA and DB are 242 and 78 

µm2/s, while v changes from 0 to 1 mm/s. The number of released molecules of type A and B are 200 

and 1000, respectively, and the frame duration is changed from 2 to 7 msec. 

7.1. Probability of error of molecular frame 

The error probability of molecular frame with varying drift velocity of molecules for different frame 

duration while the detection threshold D is fixed is depicted in Figure 6. We consider QA = QB = 400 

molecules when the distance dAC = 2 m. As expected, when the frame duration is large, the 

probability of molecular frame error rate is greatly lowered since a lower ISI may be possible. On the 

other hand, we see that every probability of error curve in the image behaves in a quasi-convex 

manner, indicating that the optimization problem of figuring out the best velocity is a quasi-convex 

problem. As a result, the purpose of the optimization technique in the cooperative nanosystem is to 

identify the best velocity. Additionally, it has been observed that the performance of error probability 

of the molecular frame grows with increasing velocity until a particular point indicated by the 

optimization technique, at which point the performance declines. As a result, the optimization 

technique can solve the challenge of selecting the best velocity. 

 

Figure 6. The error probability of a molecular frame in the proposed cooperative nanosystem. 
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7.2. Optimal position of nanorelay 

Figures 7 and 8 show the joint optimization of nanorelay position and molecular budget to 

transmitter A node and relay B node nanomachines with fixed destination threshold, D, and velocity, 

v, parameters. When the velocity (v = 0.3 mm/s) and Ts = 5 ms are fixed, QA + QB = 800. The error 

probability of a molecular frame is given as a function of nanorelay position m in Figure 7. 

Obviously, it is a quasi-convex function, and as a result, we can use the BCDA to optimize the 

nanorelay position with the MCFO algorithm, which is based on the idea of setting all parameters 

except one and determining the optimal value that minimizes the objective function Pe and then 

fixing m and finding the optimal molecular budget allocated to the transmitter A node and B node 

nanomachines until convergence is achieved. 

Unlike the previous literature, the proposed nanosystem is considered as non-linear due to the 

force of velocity that affects the diffusion of molecules and different types of molecules (type A) and 

(type B) with different diffusion coefficients. We use more accurate calculations for this scenario by 

relation of the triangles and its angles. Also, we appreciate the performance by results of small and 

large distances between A and C nodes (dAC), as shown in Figures 7 and 8. Unlike most of the 

previous works that give the best performance for the scenario of intermediate relay between 

transmitter and receiver nodes, the optimal nanorelay position is obtained when m = 0.3 for small 

distance (dAC ≤ 1 µm). This indicates that the nanorelay B node is close to the nanotransmitter A node, 

which means there is a large angle (alpha α ≥ 50o), as shown in Figure 8. On the other hand, for large 

distance (dAC > 1 µm) to maintain suitable performance, the optimal positioning of nanorelay B node 

when it will be close to the nanoreceiver C node is m ≥ 0.6 and a small angle alpha (α < 45o). 

Moreover, that optimal molecular distribution is found when the nanorelay QA = 1/3 QB for small 

distance dAC, which means that more molecules are allocated to the nanorelay B node than 

nanotransmitter A node. On the other hand, for large distance the results give more improvement 

when QA = QB, as observed in Figures 7 and 8. 

 

Figure 7. The error probability of a molecular frame versus nanorelay node position. 
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Figure 8. The error probability of a molecular frame versus the angle between AB and 

AC paths alpha (αo), when drift velocity v = 0.3 mm/s and Ts = 5 ms. 

7.3. Performance comparison 

Here, we compare the performance of the proposed approach to the DLR system described in [26], 

as shown in Figure 9. We find that the proposed approach outperforms the DLR system, particularly 

at high threshold values (D), whereas at low threshold values (D), the two approaches perform 

similarly. This finding suggested that when a high number of molecules are utilized in the detection 

procedure, the proposed approach is more practical. The performance of the nanosystem is impacted 

by the MCFO optimization procedure by choosing an acceptable detection threshold, D. 

 

Figure 9. Performance comparison between proposed and DLR approaches when Ts = 5 

msec and v = 0.3 mm/sec. 

7.4. Molecular channel capacity 

The molecular channel capacity is another important metric for analyzing the efficiency of the 

proposed approach. Despite conventional communication, the capacity for molecular communication 

is restricted and relies on the channel model’s circumstances, as evidenced by the number of 
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molecules received and captured by the nanoreceiver nodes. 

Figures 10 and 11 depict the channel capacity for the proposed approach in comparison to DLR. 

It is clear in Figure 10 that using the MCFO optimization algorithm gives the optimal velocity of 

drug molecule injection at v = 0.3 mm/s, also giving the optimal capacity at the same drift velocity. 

Also, the channel capacity for the cooperative nanosystem is higher than the DLR. 

Figure 11 represents the channel capacity as a function of frame duration. Frame duration has a 

significant effect on the channel capacity due to the nature of molecules that diffuse giving along tail 

causing ISI effect as shown in Figure 4. This indicates that as frame duration increases, ISI decreases. 

We can infer that the channel capacity, in addition to the performance of the proposed cooperative 

nanosystem, improve considerably with increasing frame duration when compared to the DLR. 

 

Figure 10. The channel capacity as a function of drift velocity when 𝑄𝐴= 𝑄𝐵= 400 and 𝑑𝐴𝐶 = 2µm. 

 

Figure 11. The channel capacity as a function of frame duration 𝑄𝐴= 𝑄𝐵= 400 and 𝑑𝐴𝐶= 

2 µm, v = 0.3 mm/s. 

8. Conclusion 

We introduced a new nanosystem-based nanonetwork with a nanorelay cooperative MCvD 

system for targeted nanomedical applications. Taking into account molecular noise and ISI, the error 

probability of a molecular frame is given in a closed form in this study and therefore employed as an 

objective function within the MCFO optimization procedure to calculate the optimal velocity of the 
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drug molecules and the detection threshold at the nanoreceiver. Based on the foregoing research, we 

find that the proposed cooperative nanosystem with nanorelay outperforms the DLR system. 

Furthermore, when compared to the nanosystem-based DLR system, the nanosystem-based proposed 

approach has a lower molecular budget and a reduced error probability of a molecular frame. 
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Appendix A 

The mean and variance of Eqs (5.5) and (5.7) are given by 

𝜇0,𝐴𝐵 = 𝜋1𝑄𝐴 ∑ 𝑞𝑖𝐴𝐵
𝐴𝐼

𝑖=1 + 𝜇𝑛𝑜,𝐴𝐵      (A.1) 

𝜇1,𝐴𝐵 = 𝜇0,𝐴𝐵 + 𝑄𝐴𝑃1𝐴𝐵
𝐴         (A.2) 

𝜎0,𝐴𝐵
2 = 𝜋1𝑄𝐴 ∑ 𝑞𝑖𝐴𝐵

𝐴𝐼
𝑖=1 (1 − 𝑞𝑖𝐴𝐵

𝐴 ) + 𝜋0𝜋1𝑄𝐴
2 ∑ (𝑞𝑖,𝐴𝐵

𝐴 )
2𝐼

𝑖=1 + 𝜎𝑛𝑜,𝐴𝐵
2 + 𝜇0,𝐴𝐵   (A.3) 
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𝜎1,𝐴𝐵
2 = 𝑄𝐴𝑃1𝐴𝐵

𝐴 (1 − 𝑃1𝐴𝐵
𝐴 ) + 𝜎0,𝐴𝐵

2 + 𝜎𝑛𝑜,𝐴𝐵
2 + 𝜇1,𝐴𝐵    (A.4) 

where 𝜋1 = 𝑃𝑟(𝑥𝑠[𝑛] = 1) and 𝜋0 = 𝑃𝑟(𝑥𝑠[𝑛] = 0). 
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